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A major challenge in the agronomy of genetically engineered (GE) crops is to prevent gene flow to non-GE crops to wild relatives.1 GE 
material should not enter the food production chain or the environment when and where this is not desired and/or not sufficiently controlled. 
This challenge requires the design of GE crop management protocols that generate added value to agriculture, while coexistence of organic, 
non-GE and GE crops satisfies the desire of consumers and/or markets. A major route for unwanted mixing of GE crops and non-GE plants 
is gene flow by pollen. Together with Dr. A. J. (Tony) Conner, Crop & Food Research Institute, New Zealand, we have demonstrated 
that gene flow by pollen can be effectively eliminated in a new approach that incorporates transgene removal into the biology of pollen 
formation.2
Pollen without transgenes from plants with transgenes
The new approach to remove transgenes from pollen makes novel use of existing methods using recombination for gene removal. 
Previously, such recombination-mediated approaches were largely aimed at removing undesired selectable marker genes from 
incoming DNA.3 The gene for the necessary recombinase enzyme, often, but not limited to, the enzyme Cre, as well as its characteristic 
recombination sites (loxP), are added to the incoming DNA in such a way that the selectable marker gene along with the Cre gene is 
removed in a process known as auto-excision. This way, all incoming DNA can be removed, except for a single loxP site. Although it 
may sound silly to transform plants with transgenes with the aim to remove all incoming DNA, the crucial issue is where in the life cycle 
of the crop the transgenes are removed.
We have employed a tightly controlled microspore-specific promoter that is activated at the start of microsporogenesis that results in 
mature pollen.2 The tobacco NTM19 promoter originates from a tobacco gene encoding a microspore-specific protein with unknown 
function. This NTM19 promoter was coupled to a plant intron-containing Cre recombinase gene. Activation of the promoter during 
pollen formation resulted in recombinase-mediated auto-excision of all genetic material between recombination sites in pollen only. As a 
result, all pollen of the GE plant is wild type, except for the presence of a single recombination site. In more popular terms, the GE plant 
‘cleans’ itself while preparing for sex, although we hesitate to suggest that transgenes are by definition ‘dirty’. 
Surprisingly efficient ‘clean-up’ of transgenes from pollen
This fairly simple approach proved surprisingly efficient in both GE Nicotiana tabacum (tobacco) and GE Arabidopsis thaliana (thale 
cress). Actual gene flow, that is, forced outcrossing to a non-GE (wild type) plant, generated only non-GE seeds (with less than 0.03% 
escapes). PCR analyses and crossings confirmed the generation of WT pollen from GE plant material. Growing plants or germinating 
seeds at elevated temperatures (30°C) in the greenhouse showed no evidence for either premature activation (transgene loss from somatic 
cells; a production risk) or absence of activation (transgene presence in pollen; a safety issue) in either tobacco or Arabidopsis. More 
environmental stresses should be evaluated to show how robust and tightly controlled the activation of the NTM19 promoter actually 
is. We expect that in the actual field the fraction of escapes will be considerably lower. More research is also required to see whether 
particular places of integration will give different (lower? zero?) escape rates. For application, it will be necessary to test other plant 
species: it is not known how the NTM19 promoter behaves in, for example, a monocot species such as rice.
The highly efficient excision of plant transgenes linked to pollen development does not require external stimuli such as heat shock or spraying 
with chemicals. Such treatments are not easily accomplished in natural ecosystems, so incorporating transgene removal in the biological process 
of pollen development is a clear advantage after any undesired escape. Pollen promoter-mediated removal of transgenes is an intrinsically 
iterative process: each plant with transgenes maintained via the female lineage will produce transgene-free pollen, effectively preventing fixation 
in wild populations and reducing the potential area of unwanted spread. This way, transgene ‘clean-up’ has become an integral part of pollen 
biology. 
Additional safety issues to consider
Obviously this new approach does not solve all biosafety issues of unwanted transgene spread. There is still a 34 bp piece (a loxP 
site) of ‘foreign’ DNA in the plant genome carried by pollen. This DNA does not allow any protein production. Biosafety discussions 
regarding the presence of ‘foreign’ DNA in the plant genome could and should be limited to the presence of this 34 bp segment. In 
addition, it should be pointed out that transgene spread through seeds and plants is not prevented. Spillage of GE plant-produced seed, 
either deliberate or unintentional, could result in fertile GE plants outside the intended agricultural field. However, as outlined above, the 
removal of transgenes is made an integral part of the biology of the plant. As a result, the removal will happen again each generation, so 
the further spread of that plant and its transgenes will be considerably slower compared to plants without the removal system. 
The transgenes-of-interest are maintained in the transgenic plant via the female lineage. This creates additional challenges for breeding and 
seed production. GE plants generated this way cannot become homozygous and should be maintained for breeding as so-called hemizygous 
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lines. Commercial applications of this new approach are being discussed. For vegetatively propagated crops, such as potato, fruit, or trees, 
the issue of hemizygosity would seem to pose no additional challenges. In crops in which sexual transmission of the transgenes is not 
necessary, generating transgene-free pollen can have immediate application. This may be especially important to reduce gene flow to wild 
relatives of clonal cultivars, especially near the centers of genetic diversity in such crops.
The economy of seed production
In seed propagated crops, however, extra steps will have to be taken for breeding and/or seed production. Upon selfing, or outcrossing 
to another plant with the same insert, half of the seeds will be wild type. For seed production, standard herbicide tolerance (e.g., 
BASTA) could replace the kanamycin resistance used in the proof-of-concept research phase. Kanamycin resistance could be combined 
with seed selection methods either before or after planting in order to be an economically viable enterprise. This could be achieved by 
either a seed priming step with herbicide solutions prior to sowing or at an early stage in crop development. The sowing of mixtures 
with herbicide-resistant and herbicide-sensitive seed at a higher density followed by chemical thinning of the herbicide-sensitive seeds 
may also facilitate crop establishment. It could be investigated whether induction of distorted segregation towards ‘true breeding’ 
herbicide-tolerant plants by the application of herbicide treatments to the hemizygous plants is feasible. For herbicides with high 
translocation in plants, such treatments have been reported to effectively prevent the full development of sensitive pollen, ovule, and 
seeds on the otherwise tolerant plants.
The feasibility of such applications and additional steps will depend on the economics of production and the added value of the new 
GE trait. The additional work on breeding and seed production should be cost effective, and this will largely be decided upon by the 
added value of the transgene-encoded trait. The new approach seems particularly useful for specialty crops, such as the production 
of chemicals in tobacco, also, or particularly, when grown in contained environments. As always in risk – benefit balancing,1 the 
potential disadvantages and additional costs of the use of hemizygous plants will have to be weighed against the perceived and 
desired gain of safety in the field.
A democratic form of ‘terminator technology’?
The auto-excision of transgenes achieved in this novel approach could be considered a new variant of GURT (genetic use restriction 
technology) for which notably the ‘terminator technology’ got very bad press.4 Terminator technology aimed at modifying plants so they 
produce sterile, non-germinating seeds. This approach is now promoted because of its potential value in the biological containment of 
GE crops. Terminator technology was, however, criticized much more because it provides a biological protection of property that is much 
stronger than any patent or breeder’s right. It could lead to an undesired (or unacceptable) dependence for poor smallholder farmers. The 
biosafety value of the new approach using pollen promoter-mediated excision is the elimination of transgene dispersal to neighboring 
non-GE crops or crossable relatives (either weeds or in pristine ecosystems). Compared to terminator technology, the transgenes are not 
present in pollen and outcrossed seeds, which could be considered an additional food safety advantage. 
For biosafety, this new method can be an interesting alternative, as it does not imply the biological protection of property of the 
terminator technology and does not result in more dependence of farmers. Any farmer can reproduce the seed and any breeder can use 
it in further breeding, subject to the national seed laws and intellectual property systems. Yet, farmers, breeders, and seed producers are 
all faced with additional work to maintain, enrich or screen for the transgene-of-interest in the seed. In this sense the non-GE pollen 
approach could be considered a different and “democratic” application of terminator technology: both producers and growers will have to 
take additional steps to maintain the trait-of-interest, whereas undesired spread is ‘terminated’. 
Improved biological containment for biosafety
The new approach can prevent the adventitious presence of transgenes in non-GE crops or related wild species by gene flow. It 
does not require external stimuli and is an intrinsically iterative process: transgene ‘clean-up’ has become an integral part of pollen 
biology. As such, it may coexist with chloroplast containment.5 Chloroplasts are generally (but not in all plants) maternally inherited 
and considerable progress in chloroplast transformation technology has been achieved. As the new approach presented here is based 
on established nuclear transformation technology, it may be more straightforward to achieve. Biological containment of transgenes, by 
whatever means, will help the deployment and management of coexistence practices to support consumer choice and can promote clean 
molecular farming for the production of high-value compounds in plants. When wisely adopted, it is likely to open up exciting new 
possibilities for the future use and safety of GE crops.
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